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The Role of Cortical Plasticity in Amblyopia 
ABSTRACT 
A review of the functional aspects of amblyopia was performed 
with specific emphasis on the mechanism of cortical plasticity. An 
in-depth literature review was conducted examining current 
research and theories on the cortical mechanisms of plasticity. New 
evidence is presented confirming prior research into CNS 
noradrenergic neurotransmission as a gate for the plasticity factor m 
neuronal development. 
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The Role of Cortical Plasticity m Amblyopia 
Clinical optometry has long been plagued with the "untreatable" 
condition known as amblyopia. "Amblyopia, affecting approximately 
2% of the general school age population, is a condition in which visual 
acuity is reduced in the absence of ocular or neurological disease, 
structural abnormality of the eye or visual pathways, and 
uncorrected refractive error."8 One of the most devastating forms of 
amblyopia is deprivational amblyopia. This form of amblyopia was 
coined Amblyopia ex Anopsia by Von Noorden.42 In recent years, 
researchers have been experimenting with animal models for 
amblyopia research. Mower, et ru. 29,30 found that "Clear evidence 
for amblyopia was obtained in MD [monocular deprivation], esotropic, 
and rotating prism cats ... " 29 This research reinforces earlier work 
done in this area by Rubel and Weisel 14,16,44,45,46,47. Their 
pioneering work established the framework of theoretical 
assumptions in which most current visual cortex research is 
performed. 
The first assumption might well be that monocular deprivation ts 
actually causing an atrophy of the visual pathway. Movshon and 
Van Sluyters discussed several experiments in which "recordings 
from the cortex of monocularly deprived (MD) animals reveal no 
sizable regions devoid of active neurons and no marked increase in 
the number of neurons that cannot be activated visually."28 Rubel 
and Weisel demonstrated through their experiments that "after a 
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period of monocular deprivation, neurons m the retina and LGN 
continue to respond normally to light;"2 This finding led them to 
conclude that visual unresponsiveness to stimulation of the MD eye 
must be occurring at the level of cortical neurons. More recent 
research conducted by Weber, et ai.43, illustrated that there are relay 
feedback connections from the visual cortex to LGN interneurons. 
These connections have been indicated to cause an increase in the 
excitability of the LGN interneurons. Since the interneuronal pool of 
the LGN has been shown to use GABA as its neurotransmitter, this 
increased level of excitability will have an inhibitory effect on the 
visual pathway. Smith, et al.39 also noted in their enucleation 
studies that "there is evidence that the cells responding to the 
deprived eye after enucleation are found throughout the cortex and 
are not confined to layer IV, suggesting that the effect must at least 
partly result from reorganization of intracortically relayed signals." 
Movshon and Van Sluyters28 further cited two separate experiments 
in which clear evidence was indicated that the cortical changes found 
occur at the post-synaptic rather than pre-synaptic level. In fact, 
they feel that this involvement is essential for changes to occur. 
Current strabismic studies have concluded that "the mam 
structural plan of the cortex is innately drawn, but that the 
environment, in addition to validating that plan, actively contributes 
to the development of binocular function. "29 Research has indicated 
that while "the basic organization of the brain does not change after 
birth, details of its structure and function remain plastic for some 
time, particularly in the cerebral cortex, ... Experience - sights, smells, 
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tastes, sounds, touch and posture - activates and, with time, 
reinforces specific neural pathways while others fall into disuse."2 It 
is these disused pathways that are of concern to us as Optometrists. 
Many feel that it is these disused pathways that underlie the 
condition of amblyopia. 
There are many theories as to what leads to this disuse in 
regards to visual pathways. Mower, tl al. 29 stated 
that "at least two independent processes are involved m the 
physiological correlates of amblyopia. These processes occur to 
different extents depending on the environmental etiology. One of 
these is a competitive interaction such that cells driven by the 
deprived eye show a deficit only in regions of cortex and LGN which 
represent the binocular portion of the visual field." In essence, they 
are stating that the eyes work normally in their respective fields of 
gaze, but in central, binocular gaze, a competition exists for control of 
the field. It is in this field that domination by one eye occurs, thus 
suppressing the image from the contralateral eye. Kratz, sa .ill. 2 2 
noted that in many of the cortical cells they studied, the inputs were 
still present from the deprived eye but were actively being 
suppressed by a tonic inhibitory influence from the contralateral 
non-deprived eye. 
The second of the "two independent processes ... involved in the 
physiological correlates of amblyopia" 29 may "result from abnormal 
stimulation per se, possibly related to an arrest of neuronal 
development."18 Binocular occlusive studies have shown that non-
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competitive mechanisms exist which contribute to the reduction in 
visual functioning in the deprived eye. Spear, et aJ.40 found evidence 
of both monocular and binocular non-competitive mechanisms. 
While these two mechanisms are not well understood, it has been 
found that they differ on the point of thalamic input, MD subjects 
demonstrating non-functioning inputs, while BD subjects show some 
residual function for the ipsilateral eye. It is important to 
remember, that research has indicated that "neither monocular nor 
binocular eyelid suture had any observable effect on the features of 
synaptic development".40 
For these functional amblyopia changes to occur, there must be a 
dramatic event during the plastic period in neuronal development. 
These changes are not limited solely to the biochemical pathways of 
the brain. "Plastic change in the nervous system is not merely a 
change in a cell's electrophysiology or biochemistry but actually 
changes the way an animal responds to its environment."9 This has 
been readily noted by a depression in visual acuity of amblyopic 
individuals during testing. "Functional amblyopia resulting from 
strabismus and/or anisometropia or form deprivation early in life is 
generally considered to represent a deficit in spatial vision.30 Manny 
and Levi 25,26 have also demonstrated that there is a marked 
reduction in an amblyope's ability to perceive temporal changes. 
This research has been corroborated in animal models by Ikeda and 
Wrightl8, who found a decrease in critical fusion frequency in 
strabismic kittens - similar to that found in humans with strabismic 
and/or anisometropic amblyopia. 
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Research by Kasamatsu and associates20,21,5 concluded that 
norepinephrine (NE) is necessary to the maintenance and 
enhancement of neuronal plasticity. The initial studies used a 
catecholamine, 6-hydroxydopamine (6-0HDA) as a blocking agent for 
norepinephrine. 
subject kittens . 
This effectively eliminated cortical plasticity in the 
These kittens were subjected to MD procedures, but 
no change in cortical cell function occured, because of the loss of 
plasticity in the cortex. This loss has been documented by other 
researchers, who feel that it was due to morphological destruction 
specific to NE terminal fields within the kitten visual cortex.21 Later 
research was conducted to determine if cortical plasticity could be 
returned to the adult visual cortex. Kasamatsu determined that 
"enhanced release of endogenous NE restores plasticity to the mature 
cortex. "21 Further, he feels that his results lead one to suspect that 
"beta-adrenergic receptors are involved in the execution of NE-
modulated neuronal plasticity in the visual cortex."21 Additional 
evidence for this theory was supplied by Nelson, et al. 31 They 
found that "Clonidine treatment dramatically decreased the effect of 
MD, suggesting that a decrease in NE available to the receptors 
without a decease in total NE content decreases plasticity." Clonidine 
is an alpha-2 agonist which stimulates the autoreceptors on Locus 
Coeruleus neurons (LC). This acts to suppress the firing of LC cells, 
which in turn suppresses the release of NE. 
Continued research in this area has begun to place NE in the role 
of a modulator, rather than the actual effecting agent in cortical 
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plasticity. Since the early studies by Rubel and Wiesel, it has been 
accepted that dark rearing is an acceptable means for prolonging the 
plastic period of the brain. Research into this fact by Aoki and 
Siekevi tz2 has shown that "dark rearing decreased the in vitro 
cAMP dependent phosphorylation of MAP2". From this information, 
they inferred that in dark reared animals microtubule-associated 
protein 2 (MAP2) was more phosphorylated in vivo. Because 
phosphorylated MAP2 is not felt to contribute to cytoskeletal 
rigidity, they feel that dark reared animals have a more plastic 
cytoskeleton. Aoki and Siekevitz have performed further studies 
along these lines. They state that NE acts as a trigger, combining 
with a protein called G-protein which activates the enzymes involved 
in the production of cAMP. This in turn activates another enzyme 
which phosphorylates particular proteins in the cell. They have gone 
on to suggest that this phosphorylation may change the tertiary 
structure (three-dimensional folding pattern) of the microtubule 
cytoskeleton proteins and in doing so, alters its biological activity.2 
All of these researchers have been quick to admit, that while 
these processes seem to be definitely involved - "there may be other 
proteins that our methods simply were not able to detect . . . although 
the evidence for MAP2's role is strong, we cannot be certain yet 
whether MAP2 dephosphorylation actually causes the change in 
plasticity or instead is merely an effect of the change."2 Kasamatsu 
has also expressed his feeling that researchers should concentrate 
more on identifying the exact method of cortical plasticity, than in 
trying to disprove NE as an effector in the process. So, while many 
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breakthroughs in this area have been made, there is still a need for 
more research into the biochemistry of cortical plasticity. 
Whatever these biochemical mechanisms may be, Optometrists 
have known for years that the end of the so called "plastic" or 
"critical" period does not necessarily indicate the end of the 
remediation period. Despite the early proposal by Worth, in 1903, 
that no improvement in functional amblyopia could be observed 
after the age of six34, optometrists often see marked functional 
improvement m their adult vision therapy patients. Rifler and 
Sheffield12 did an extensive study of their amblyopic vision therapy 
cases. They noted, "that some degree of visual system plasticity is 
the rule rather than exception, at least up to the age of 30 years." 
Indeed, some experimenters have found that some degree of 
successful remediation can be obtained in patients beyond the age of 
60 years. Martin27 observed first hand improvement in a 41 year 
old refractive amblyope. RosenthaJ33 also observed a case in which a 
patient past the age of 40 was able to improve his acuity, obtain 
strong binocular function and maintain this state for more than 18 
months 
With this evidence, one can begin to accept the idea that visual 
system plasticity can be re-initiated past the time when it was 
formerly thought that cortical plasticity has been lost. Clinical 
researchers are quick to indicate, however, that "motivation, interest, 
and dedication"l2 on the part of the patient are essential to the 
success of the treatment; and the animal model literature all 
indicates that there must be an initiation (or re-initiation) of cortical 
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plasticity before such experimental treatments as MD will have any 
impact on cortical function. On-going research here at Pacific 
University College of Optometry is aiming at exploring the link 
between patient "motivation, interest and dedication"12 and the re-
initiation of cortical plasticity in animal model systems. 
The question then becomes, how does motivation have an effect 
upon neuronal plasticity. Evidence has pointed, in the last few years, 
to the reticular activating system as the gateway to attention in the 
human brain. The reticular formation is one of the oldest parts of 
the brain; indeed, in primitive vertebrates it constituted the major 
portion of their brain. As the brain developed, the reticular 
formation was retained, and its primary function is to receive input 
from the somatic and visceral sensory systems. It serves as a gate to 
the thalamus, which in turn directs the information to the various 
parts of the cerebral cortex. The two combined serve to sharpen 
attentiveness, forming the reticular activating system.3 2 
It is known that "only certain patterns of its modalities of sensory 
input trigger the reticular activating system to alert the cerebral 
cortex. "32 As we have previously stated, visual experience is 
necessary to validate the plan of the visual system. A lack of, or 
distortion of this experience is what leads to the change we know as 
functional amblyopia. Singer noted that "it appears as if experience 
dependent modifications of cortical responses had a threshold which 
is exceeded only when internal gating systems are active in 
contingency with the afferents from the eyes."38 If the reticular 
9 
activating system 1s the center for attentional arousal of the cortex, 
then we must explore the probability that it is involved in cortical 
plasticity. 
Research has shown that the. locus coeruleus (LC), a part of the 
reticular activating system, 1s rich in noradrenergic neurons.? As 
previously stated, the cells of the LC use norepinephrine as their 
neurotransmitter.9 In fact, all the currently available evidence 
shows that the LC is the sole source for synaptic inputs to visual 
cortex.21 Since NE acts as a trigger in the MAP2 theory of cortical 
plasticity2, we must therefore accept that the reticular activating 
system plays a role in cortical plasticity. "Our general alertness 1s 
influenced by the words we hear, scenes we see, and processes which 
require consciousness and interpretation of perceptions and which 
certainly are dependent on cortical activity. It appears very likely 
that the corticoreticular projections are involved in these processes. "7 
Research is leading to the same conclusions that clinical optometrists 
have based their therapy on for years; the idea that motivation and 
attention are essential for any remediation of the visual system. 
Again, as Rifler and Sheffield 12 have pointed out, all successful 
treatment intervention strategies require a high level of patient 
"motivation, interest and dedication." It is these very human 
variables which the clinician must capitalize upon in therapy, 
thereby capturing the "plasticizing" effects of the reticular 
activating/LC system which are so crucial for successful treatment 
outcomes. The clinician must involve his patients in their own 
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treatment in order to obtain that degree of attentional stimulation 
necessary to "plasticize" the visual system and allow new information 
to be obtained through the amblyopic eye. Without this "plastic" 
condition, any positive effects achieved by the patching and 
binocular integration techniques of vision therapy will not be solidly 
integrated, and will eventually be lost by the patient. The challenge 
to the clinician, is to understand the needs of his patients and learn 
to capitalize upon their desires for a successful remediation. 
11 
REFERENCES I BIBLIOGRAPHY: 
1) Assaf, Ahmad The Sensitive Period; Transfer of Fixation After 
Occlusion for Strabismic Amblyopia: British Journal of 
Ophthalmology.66, 1982, 64-70. 
2) Aoki, Chiye and Stekevitz, Philip Plasticity in Brain Development: 
Scientific American. 259(6), 1988,56-64. 
3) Arden, G.B., Barnard, W.M. and Mushin, A.S. Visually Evoked 
Responses in Amblyopia: Brit. J. Ophthal.. 58, 1974, 183-192. 
4) Bagolini, B Sensory Anomalies in Strabismus: Brit J. Ophthal.. 58, 
1974, 313-318. 
5) Bear, Mark, Paradiso, Michael, Schwartz, Nelson, Carnes, K. M. and 
Daniels, J.D. Two Methods of Catecholamine Depletion in Kitten 
Visual Cortex Yield Different Effects on Plasticity: Nature, 302, 
1983, 245-247. 
6) Blakemore, Colin and Van Sluyters, Richard C. Experimental 
Analysis of Amblyopia and Strabismus: Brit. J. Ophthal.. 58, 
1974, 176-182. 
7) Brodal, A. Neurological Anatomy. Third edition, Oxford University 
Press, Inc., New York, NY., 1981. 
8) Cuiffreda, Kenneth J., Goldner, Kim and Connelly, Robert. Lack of 
Positive Results of a Physiologically Based Treatment of 
Amblyopia: British Journal of Ophthalmology, 64(8), 1980, 607-
612. 
9) Gordon, B., Allen, E.E. and Trombley, P.Q. The Role of 
Norepinephrine In Plasticity of Visual Cortex: Progress m 
Neurobiology. 30, 1988, 171-191. 
10) Henson, D. and Dharamshi, B. Oculomotor Adaptation to Induced 
Heterophoria and Anisometropia: Res. in Vis. and Ophthal. 
1982 
11) Hickey, T.L. Development of the Dorsal Lateral Geniculate 
Nucleus in Normal and Visually Deprived Cats: J. Comparative 
Neurology.189, 1980, 467-481 
12) Hifler, Robert S. and Sheffield, Joel B. Development of Order in 
the Visual System: Cell and Developmental Biology of the 
Eye,l986. 
13) Hubel, D.H. and Wiesel, T.N. Receptive Fields, Binocular 
Interaction and Functional Architecture in the Cat's Visual 
Cortex: J. Physiology. 160, 1962, 106-154. 
14) Hubel, D.H. and Wiesel, T.N. Receptive Fields of Cells in the Striate 
Cortex of Very Young Visually Inexperienced Kittens: 
J. Neurophysiology. 26, 1963, 994-1002. 
15) Rubel, D. H. and Wiesel, T.N. Receptive Fields and Functional 
Architecture in Two Nonstriate Visual Areas (18-19) of the Cat 
J. Neurophysiology, 28, 1965, 229-289. 
16) Hubel D.H. and Wiesel, T.N. Binocular Interaction in Striate Cortex 
of Kittens Reared with Artificial Squint: J. Neurophysiology. 28, 
1965, 1041-1059. 
17) Hubel D.H. and Weisel T.N. Receptive Fields and Functional 
Architecture of Monkey Striate Cortex: J. Physiology. 195, 1968, 
214-243. 
18) Ikeda, Hisako and Wright, M.J. Is Amblyopia Due to 
Inappropriate Stimulation of the "Sustained" Pathway During 
Development? : Brit. J. Ophthal.. 58, 1974, 165-175. 
19) Julesz, Bela and Schumer, Robert A Early Visual Perception: 
Rev. Psychol.. 32, 1981, 575-627. 
20) Kasamatsu, T., Watabe, K., Scholler, E and Heggelund, P. 
Restoration of Neuronal Plasticity in Cat Visual Cortex by 
Electrical Stimulation of the Locus Coeruleus: Society For 
Neuroscience Abstracts. 9, 1983, 911. 
21) Kasamatsu, Takuji Norepinephrine Hypothesis For Visual 
Cortical Plasticity: Thesis, Antithesis, and Recent Development: 
Current Topics In Developmental Biology, 21, 1987. 
22) Kratz, K., Spear, P. and Smith, D. Postcritical-Period Reversal of 
Monocular Deprivation on Striate Cortex Cells in the Cat: 
J. Neurophysiology, 39, 1976. 
23) Levi, Dennis M. The "Spatial Grain" of the Amblyopic Visual 
System: Am. J. Optom. and Physiol. Optics.65, 1988, 767-785. 
24) Lyle, Keith T. Summing Up: Brit J. Ophthal. 58, 1974, 319-322. 
25) Manny, Ruth E. and Levi, Dennis M. Psychophysical 
Investigations of the Temporal Modulation Sensitivity Function 
in Amblyopia: Spatiotemporal Interactions: Res in Vis. and 
Ophthal.. 1982. 
26) Manny, Ruth E. and Levi, Dennis M., Psychophysical 
Investigations of the Temporal Modulation Sensitivity Function 
in Amblyopia: Spatiotemporal Interactions: Invest. Ophthalmol. 
Vis Sci. 22( 4 ), 1982, 525-534. 
27) Martin, Dawn M. Personal communication, 1990. 
28) Movshon, Anthony J. and Van Sluyters, Richard C. Visual Neural 
Development: Ann. Rev.Psychol.. 32, 1981, 477-522. 
29) Mower, George D., Burchfiel, James L. and Duffy, Frank H. Animal 
Models of Strabismic Amblyopia: Physiological Studies of 
Visual Cortex and the Lateral Geniculate Nucleus: 
Developmental Brain Research, 5, 1982, 311-327. 
30) Mower, George and Duffy, Frank. Animal Models of Strabismic 
Amblyopia: Comparative Behavioral Studies: Behavioral Brain 
Research, 7, 1983, 239-251. 
31) Nelson,S.B., Schwartz, M.A. and Daniels, J.D. Clonidine and 
Cortical Plasticity: Possible Evidence for N oradrenergic 
Involvement: Devl. Brain Res., 23,1985, 39-50. 
32) Netter, F.H. The CIBA Collection of Medical Illustrations. Volume 
1 part 1, CIBA, West Caldwell, N J, 1983. 
33) Rosenthal, Robert L. Treatment Regimen for an Amblyopic Adult 
Patient. Journal of Optometric Vision Development, 19, 1988, 
6-7. 
34) Saulles, Howard. Treatment of Refractive Amblyopia in Adults. 
Journal of the American Optometric Association, 58(12), 1987, 
959-960. 
35) Sherman, Murry S. and Spear, Peter D. Organization of Visual 
Pathways in Normal and Visually Deprived Cats: Physiological 
Reviews . 62, 1982. 
36) Singer, W. Tretter, F. and Yinon, U. Evidence for Long-Term 
functional Plasticity in the Visual Cortex of Adult Cats: 
J. Physiol..324, 1982, 239-248. 
37) Singer, W., Tretter,F. and Yinon, U. Central Gating of 
Developmental Plasticity in Kitten Visual Cortex: J. Physiol. 324, 
1982, 221-237. 
38) Singer, W. The Role of Attention in Developmental Plasticity:_ 
Human Neurobiol. 1, 1982, 41-43. 
39) Smith, D.C., Spear, D. and Kratz, K.E. Role of Visual Experience in 
Postcritical-period Reversal of Effects of Monocular Deprivation 
in Cat Striate Cortex: J. Comp. Neural., 178, 1978, 313-328. 
40) Spear, D., Tong, Lillian and Sawyer, Carol Effects of Binocular 
Deprivation On Responses of Cell in Cat's Lateral Suprasylvian 
Visual Cortex: Journal of Neurophysiology. 49, 1983. 
41) Van Sluyters, Richard. Reversal of the Physiological Effects of 
Brief Periods of Monocular Deprivation in the Kitten: L 
Physio1..284,1978, 1-17. 
42) Von Noorden, G. K. Factors Involved in the Production of 
Amblyopia: Brit. J. Ophthal.. 58, 1974, 158-164. 
43) Weber, A.J., Kalil, R.E. and Behan M. Synaptic Connections 
Between Corticogeniculate Axons and Interneurons in the 
Dorsal Lateral Geniculate Nucleus of the Cat: Journal of 
Comparative Neurology. 289, 1989, 156-164. 
44) Wiesel, T.N. and Hubel, D.H. Effect of Visual Deprivation on 
Morphology and Physiology of Cells in the Cat's Lateral 
Genicular Body: J. Physiology, 26, 1963, 978-993. 
45) Wiesel, T.N. and Rubel, D.H. Single - Cell Responses in Striate 
Cortex of Kittens Deprived of Vision in One Eye: J. 
Neurophysiology, 26, 1963, 1003-1017. 
46) Wiesel, T.N. and Hubel, D.H. Comparison of the Effects of 
Unilateral and Bilateral Eye Closure on Cortical Unit Responses 
in Kittens. J. Neurophysiology, 28, 1965, 1029-1040. 
47) Wiesel, T.N. and Rubel, D.H. Extent of Recovery From the Effects 
of Visual Deprivation in Kittens. J. Neurophysiology, 28, 1965, 
1060-1071. 
Acknowledgements: 
The authors would like to extend their thanks and apprec1at10n to 
the following members of PUCO for their aid in obtaining the 
literature reviewed in this paper: Tracy Free, Gary White, Bill Hills 
and Mike Ferguson. A special thanks to the staff at Pacific University 
Library for their exhaustive efforts in locating these journals. Last, 
but not least, we would like to thank our advisor, Steve Cool, who has 
provided us with his knowledge and inspiration for the last four 
years. 
Biographies: 
Dawn Michelle Martin is a 1990 graduate of Pacific University 
College of Optometry. She received her Bachelor of Visual Science 
from Pacific University in 1988. Previously, she spent two years at 
the University of Arizona in undergraduate studies. Dr. Martin plans 
on relocating to the Southwest and joining an established practice in 
primary optometry. 
John Douglas McDowall completed his optometric education at 
Pacific University College of Optometry in 1990. He obtained his 
Bachelor of Visual Science from Pacific University in 1989. Dr. 
McDowall is a Forest Grove, Oregon native, who plans to practice 
primary optometry in the Pacific Northwest. 
